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14371 ABSTRACT 

Satellite 1958 Epsilon (Explorer IV) contained a directional 

plastic scintillation counter, prepared by Van Allen and associates, 

mounted with i ts  axis perpendicular to the long symmetry axis of the 

satellite. 

yield directional flux densities (particles/ cm' - sec-s r )  of geomagnet- 

ically trapped charged particles as a function of the angle with the 

perpendicular to the magnetic field. 

termination by E. 0. Baicy of the directional response of the detec- 

tor and detailed geomagnetic field information supplied through the 

courtesy of J. A. Welch, Z r .  of the Air Force Special Weapons Center. 

The direction of the counter axis as a function of time is determined 

Count-rate data from this detector have been analyzed to 

The analysis employs a new de- 

f rom the modulations of ground-received r-f signal strengths and de- 

tector counting rates produced by the body motions of thesafellite. The 

directional particle flux densities a r e  calculated by computer solu- 

tions of the integral equation relating observed count rates and the 

particle flux densities. 

ticles along magnetic field lines extending f rom the satellite position 

to lower altitudes a re  obtained directly f rom the particle flux density 

calculations. 

ordinates and the dynamical invariants. 

M i r r o r  point distributions of the charged par- 

The data a r e  presented both in te rms  of geographic co- 

, -- 

n i 
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1. INTRODUCTION 

The content of the Van Allen belts of charged particles trapped 

by the geomagnetic field has been investigated quite extensively, both 

theoretically and experimentally. The broad features of the radiation 

belts now seem to be fairly definite. These features a r e  indicated by 

the sketch in Fig. 1 and the tabulated information contained in 

Table 1. They may be summarized by the following: 

(1) Charged particles, both positive and negative, of 

greater than thermal energies are present f rom rough- 

ly 10 to 40 x 10 k m  in altitude. The apparent absence 

of any extensive and significant electric fields precludes 

any large -scale positive - negative charge separation. 

a a 

(2) The proton content of the belts may be described par- 

tially by these items: 

(a) Theinteresting component of the proton content is 

the energetic (10 - 1000 mev, approximately) flux 

which peaks at about 3.7 x los k m  in altitude (Fig. 

1) within the inner belt. 

(b) This hard proton component can be accounted f o r  

in part by the neutron albedo mechanism. The flux- 

energy spectrum is that expected from the fast neu- 

tron decays except for a deficiency of protons at 

the higher energies. 

The stated deficiency of energetic protons can be 

explained by these several  mechanisms (separately, 

(c) 



or  in combination): breakdown of magnetic moment 

invariance [ Singer, 1959 ] ; trapped solar protons 

[ Naugle and Kniffen, 1961 3 (which produce a n  ex- 

cess of lower energy protons); protons produced at 

lower energies by albedo neutrons in turn resulting 

from solar protons interacting with atmospheric nu- 

clei in the polar regions [Naugle and Kniffen, 1961); 

loss of geomagnetically trapped protons by nuclear 

collisions [ Freden and White, 1960 ] . 
(d) Both the flux and the flux-energy spectrum of the 

hard proton component change with latitude [Naugle 

and Kniffen, 1961 3 .  

(e) Hydromagnetic scattering [ Welch and Whitaker, 

1959; Dragt, 1961 ] and/or failure of invariance of 

proton magnetic moment [Singer, 1959; Lenchek and 

Singer, 1960j limit energetic protons to ?c-.ver 21- 

titudes and so account for their absence in the outer 

belt. 

( 3 )  The electrons of the belts a r e  characterized partially, as 

follows : 

(a) The electron flux exhibits at least two maxima 

(Fig. l ) ,  the inner belt maximum located quite 

definitely a t  about 9.6 x 10 km altitude, and the 
a 

outer belt located not so definitely near 18 x 10 km 

altitude. About halfway between the two belts, near 

a 
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12.8 x 10' km altitude is the minimum in electron 

flux of the "slot. I '  

The geomagnetically trapped electrons which have 

been detected by the various satellites, rockets, 

and space probes in both belts a r e  in the general 

range 30 kev - 1 mev. The electron flux in this 

energy range is about 100 times the flux of both 

electrons and protons of energies greater than 1 

mev. 

The electrons in the experimentally observed range 

up to about 1 mev in both belts apparently can be 

accounted for, again in part, by the neutron albedo 

source mechanism. 

that expected from a slow neutron decay with energy 

degradation, presumably by electron - electron col- 

lisions, yielding a spectrum somewhat softer than 

the 750-kev end-point energy 

slow neutrons iHoiiy et ai, i 9 6 i ;  'i'irali et a!, 1960; 

Dessler and Karplus, 1960; Vernov et al, 19591. 

A simple explanation for the electron flux minimum 

between the two belts has been suggested by Dessler 

and Karplus [1960] . Their analysis employs the 

lowering of electron mir ror  points in the region of 

the Capetown anomaly along with the corresponding 

atmospheric absorption of the particles to account 

for the absence of trapped particles at altitudes cor-  

responding to the "slot" of F ig .  1. Quite to the 

(b) 

(c) 

The flux-energy spectrum is 

I3 -decay spectrum of 

(d) 
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contrary, [R. A. Hoffman, 19611 concludes from 

Explorer VI data that charged particles which a r e  

affected by the Capetown anomaly do not pass through 

the observed minimum between the inner and outer 

belts. This conclusion is based on the accuracy of 

the present magnetic data, but rather considerable 

magnetic field e r r o r s  a re  required to invalidate 

the conclusion. 

Herlofson 9601 has shown that different diffusion 

times for electrons injected at  the outer edge of the 

outer belt could account for the two electron belts 

and the s lot  between them - an entirely different 

mechanism . 
The observed large fluctuations of the outer belt 

electron flux may be, in part, apparent rather than 

real; that is ,  changes in count rate may be due to 

eiactroii energy changes. Such e l e c t r ~ n  energy 

changes can cause large numbers of electrons to 

shift either below o r  above energy thresholds of 

detectors causing decreases o r  increases in count 

rates. 

(e) 

It seems clear that energy change mechanisms account for at 

least  part of the observed electron flux variations [Van Allen, 1959; 

Dessler and Karplus, 1960; Arnoldy et al, 1960; Helliwell and Bell, 

19601. 

tatively the effect of distortions of the geomagnetic field caused by dia- 

magnetic ring currents such as the magnetic storm main phase ring 

Recently, Dessler and Karplus [I961 J have considered quanti- 
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current. 

as follows: 

A sequence of events in the outer belt may be summarized 

(1) Electrons a r e  deposited throughout the entire geomag- 

netic field with a trapping time of the order of 10'sec 

and the low energy trapped radiation distends the geo- 

magnetic field at  distances of 6 - 11 earth radii. 

A diamagnetic ring current is produced at  3 - 5 earth 

radii by a geomagnetic s torm and this current results 

in a deceleration of the trapped particles and a conse- 

quent decrease in counting rates of observing instruments. 

(2) 

(3)  The distortions in the geomagnetic field due to the s torm 

result in a loss of the low energy particles trapped at 

6 - 11 earth radii so that, following the decay of the mag- 

netic storm ring current, the magnetic field contracts 

beyond its  prestorm configuration producing through 

adiabatic compression an increase in energy, along with 

increased count rates, of electrons which a r e  present. 

This kind of reversible betatron mechanism can explain 

part but not all of the observed effects a s  has been 

shown by Rosen and Farley [l961] in their consideration 

of Explorer VI radiation count rates - a conclusion 

agreed to by Dessler and Karplus [1961] . 
It should be emphasized, as pointed out by R. Kaufmann 

and S. F. Singer [1961) (discussions a t  a meeting of the 

American Geophysical Union, University of California 

a t  Los Angeles, December 1961) that there a r e  available 

a variety of mechanisms suitable for particle acceleration; 

, 
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what is needed is  experimental evidence to aid in eval- 

uating these several mechanisms. 

(4) The effect of charged particle injection from the sun is 

not clear (see Table 1). Freden and White [I9601 found 

no evidence for solar protons in the inner belt but 

Naugle and Kniffen [1961] imply that the question is still  

open. 

tron injection into the inner belt inconsistent with ob- 

servations. 

a1 [1960] come to the same conclusion regarding the 

outer belt. 

Dessler and Karplus [1960] consider solar elec- 

Cladis and Dessler C1961J and Arnoldy et  

(5) Finally, i t  appears that the neutron albedo mechanism 

contributes significantly to the number of geomagnetically 

trapped electrons and protons at all distances out to 7 

earth radii o r  more from the earth's center. Various 

other effects including solar injection and energy change 

mechanisms a r e  also possible and operative. 

Recent evidelice indicates that the neutron albedo mechanism 

Kellogg cannot be the sole source of trapped protons and electrons. 

[ 19601 originally raised serious questions about the mechanism. 

quite recently, E. C. Ray and Carl McIlwain (discussions at meeting 

of AGU, UCLA, 1961; op. cit. ) have raised fresh doubts relative to the 

neutron albedo hypothesis because of the large numbers of electrons 

and protons which have been detected in the inner belt. 

fluxes appear to be excessive by 2 to 3 orders  of magnitude and the 

proton fluxes by 4 to 5 orders. 

Also 

The electron 

Their evidence is based upon f l u x  
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magnitudes without very definite energy discrimination. 

. 

Lenchek, Singer and Wentworth 119611 have compared the neu- 

tron albedo theory for trapped electrons with experimental observations. 

They calculate the differential omnidirectional electron flux density 

(electrons/cm'-sec-kev) vs. energy due to a neutron albedo source 

coupled with energy loss by Coulomb interactions (involving small  angle 

scattering only) in the residual atmosphere (average effective density of 

scattering centers, 9.7 x 104/cm ) a t  1100 km altitude on a magnetic B 

line extending to 1.5 earth radii. For  experimental comparison they 

use the observations of Walt, Chase, Cladis, Imhof and Knecht [1960, 

1961) and Holly [1960] and conclude that the albedo theory and their en- 

ergy loss mechanism agree quantitatively for electron energies above 

about-400 kev. 

periments to conclude that neutron decay electrons contribute signifi- 

cantly to the electron fluxes of the outer belt. 

a 

Hess, Killeen e t  al [l961] compare calculations and ex- 

It' 

In the present report, analyses of the count-rate vs. time of 

the directional detector (Detector A) carr ied by satellite 1358 Epsih11 

(Explorer IV) a r e  employed to calculate both the directional particle 

flux density and the corresponding mi r ro r  point distribution of the geo- 

magnetically trapped particles, thus yielding further detailed information 

about this phenomenon. 

7 



2. EXPERIMENTAL ASPECTS 

The radiation detection instrumentation used in earth satellite 

1958 Epsilon (Explorer IV) has been described in detail by Van Allen 

[ 1959 J and his group. The present investigation, involving further an- 

alysis of the extensive data obtained and interpreted by Van Allen, was 

motivated by the possibility of determining directional radiation inten- 

si t ies [Lundquist et  al, 19623 . Of interest for the directional counting 

analysis is Detector A (a plastic scintillator, 0.75 cm in diameter and 

0.18 cm thick, mounted on a photomultiplier tube) having i ts  scintillator 

located adjacent to a circular hole in the cylindrical shell of the satellite 

so that the detector axis is perpendicular to the long axis of the satellite. 

Radiation passing through the hole penetrated a 140-mg/cmB Al absorber 

to reach the scintillator, where an additional electronic bias produced 

these radiation thresholds [Baicy et.aZ, 1962 1: 1 700 keV’f63 electronsr 

10 mev for protons, and 300 kev for X-rays. Other radiation detected 

had to penetrate the steel wall  of the satellite and any other intervening 

material. The geometry of the aperture and detectcr were such as to 

produce a detector response S( a ) vs. angle a of incoming radiation 

with detector-axis, as indicated by Fig.  2b. Thus, the radiation passing 

through the hole in the satellite shell and penetrating 140 mg/cm* of AI, 

was  counted only when entering the hole at a relatively small angle with 

the counter axis. The Explorer IY detectors, calibrated originally by 

Van Allen, w e r e  recalibrated in greater detail by E. 0. Baicy and as- 

sociates c1962 ] employing a duplicate payload to investigate more fully 

the direction-dependent factors and the response to electrons. 

8 



The direction of the counter axis relative to a perpendicular 

8 
2 

to the geomagnetic flux density direction B, represented by angle 

of Fig. 2b, has been determined as a function of time [Lundquist et  al, 

1962 1 . 
corresponding geomagnetic flux density magnitude B a r e  known also as 

a function of time from the satellite ephemeris [Adams, 1959; Jensen, 

et  al,,  19603. 

count rate a s  a function of time are  used in the present work to deter- 

mine the directional radiation flux density in space. 

tion about charged particle trapping in the geomagnetic field is then 

derived, 

The satellite position (altitude, latitude and longitude) and 

These two groups of information plus the Detector A 

Further informa- 

The analyses involved a r e  limited to situations in which the 

telemetry switching period is small compared to the mechanical roll 

and tumble periods of the satellite. Telemetry channel 5 switched f re -  

quency for each 16 and channel 2 for each 2048 accumulated scintillator 

counts. 

noise and signal fadeout is required. 

telemetry data received from Explorer IV satisfy these conditions on 

count rate and telemetry quality. However, a number of satisfactory 

telemetry records for satellite passes within range of the U. S. Army 

Tracking Station at Huntsville, Alabama do exist and of these a r e p r e -  

sentative number (see Fig .  3) have been analyzed in the manner indica- 

ted above. 

Further, an extended period of telemetry reception free from 

Only a small fraction of the total 

The cases so far analyzed correspond to satellite passes through 

parts of the inner Van Allen belt, the composition of which i s  believed 

to be quite time independent [Van Allen, 19591. Limited evidence r e -  

lating to the radiation constancy of the inner belt is  included in the 
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present investigation, since data from corresponding satellite passes 

in the same region of space but at a time interval of about two days 

E r e  analyzed. 

artificial Argus belt (Van Allen, 19591 a l s o  exist and can be similarly 

analyzed. 

Suitable telemetry data for satellite passes through the 

From the results cited in Section 1 there is evidence, theoreti- 

cal and experimental, that the observed Detector A count rates a r e  due 

to electrons in a fairly narrow energy band. 

have used the study of Freden and White c19601 of the inner Van Allen 

belt protons to conclude that their own detector, aG-M counter with 

150 mg/cmP (electron cutoff of about 460 kev) absorber, counts approxi- 

mately 90% electrons and 10% protons [Holly et  al, 1961; Fig. 4 )  at 

980 km altitude and 15'N latitude. Detector A of Explorer IV had a 

140-mg/cmP Al absorber over the window of the counter plus an addi- 

tional electronic bias which excluded electrons of energy l e s s  than about 

700 kev, and so should respond much like Holly's detector in the electron- 

proton field of the inner belt. Further, the assumption that the electron 

spectrum at altitudes near 1000 km and latitudes near 15'N (see Fig. 4 

fo r  spatial location of Explorer PV) is a degraded neutron -decay 

spectrum (Table 1) yields the interesting conclusion that Detector A 

counts predominately electrons within fairly narrow limits centered 

near 700 kev. 

Holly, Allen and Johnson 

10 



3. DETERMINATION O F  DIRECTIONAL 

PARTICLE FLUX DENSITY 

From the analysis of the observed modulation of the transmitted 

r-f signal strength and counting rate produced by the roll and tumble 

of the Explorer IV satellite, Lundquist, Naumann, and Fields, [1962 J 

were able to plot the true directional count rate of Detector A as  a func- 

tion of the angle 8 between the counter detector axis and a perpendicu- 

lar to the known [Jensen et al, 1960; Vestine and Sibley, 19603 magnetic 

flux density vector B . The geomagnetically trapped charged particle 

flux was observed to produce (F ig ,  2c): (1) a count rate constant with 

e , for 8 greater than approximately 50' , and (2) a count rate C 8 
0 68) 

dependent on 6 , with the maximum corresponding to and symmetrical 

about 8 = 0' . The former was interpreted as due to hard components 

of the trapped particle radiation which were energetic enough, either 

directly o r  indirectly through their bremsstrahlung secondaries, to 

penetrate shielding material between the detector and outside space 

over the en t i re  4% sn l id  zngle ahont the detector. This count rate, ap- 

parently constant with 8 , was subtracted from C ( 6 )  at all 0's to 

obtain the directional count rate. The latter was corrected for  detector 

deadtimes [Van Allen, 1959; Baicy, 19621 and the result is designated 

obs 

The detailed analysis of the characteristics of geomagnetically 

trapped charged particle radiation requires a determination of the di- 

rectional particle flux density J (0 ' )  . The true directional count rate 

per unit a rea  C ( 8 )  (counts/cm*-sec) is related to J(0') (particles/cm2 

s e cp- s r ) by 

(1) 
counts 

c d -  sec ' - JV') $(a) d Q  C'( 6 ) c ( e )  = - - 
A 

all directions 

1 1  



where A is the area-efficiency factor (the product of the effective 

area and efficiency of the detector); S( a )  is the response of the detec- 

tor as a function of angle a ; and J(8’) is the required directional par-  

ticle flux density fo r  which the equation must be solved. For  use in Eq. 

( l ) ,  S ( a )  is measured by calibration procedures [ Baicy, 1962 J , and 

has the shape of Fig. 2b for 700-kev electrons, 

It is clear that J(8’ ) in Eq. (1) is dependent, rigorously viewed, 

on both the kind of particle detected (i. e. , electrons, protons, photons) 

and on the particle energy. 

Detector A probably observed electrons quite predominately and within 

a fairly narrow energy range; hence, 

trons of constant energy. 

However, in Section 2 it was noted that 

J(e’ ) is considered for only elec- 

The integral Eq. (1) was  solved for J(8’ ) by numerical pro- 

cedures for each observed count rate curve C 8 as follows (the pro- 

cedure described is a simplified one which evolved in an empirical way 

f rom more sophisticated and elegant methods): 

o s  6 ’  
1 

(1) J(8;) was assumed to be representable analytically by the 

4th degree polynomial in 8 ’ ,  

A 

1 
An analysis was evolved employing Legendre polynomial expansions 

for  C ( 8 ) ,  S(a),  and J(#) yielding a unique and simple result in that the 
coefficients for the J(e’) polynomial a r e  given by a factor times the ra- 
tio of the count rate C(e) polynomial coefficients to the response S ( a )  
polynomial coefficients. 
prevent the occurrence of negative values in the computations for  J(8’ ) 
so this attractive method had to be abandoned. 

However, i t  has not been possible so far to 

12 



where a 

conditions as  follows: 

a%, as, as a are tobe waluated o r  related through boundary 
0’ 4 

(a) J(0’) is continuous with continuous first derivative 

8 = 0’ , and J(8’ ) has vanishing f i r s t  deriva- at  

tive a t  e’= O* ; 

(b) J(8’) goes to zero at  some 0’ = 8 ’  near the e value m 
for which the count rate C( 8 ) goes to zero (Fig. 2c) 

as determined by the nature of the radiation being 

detected o r  a near zero value of J(a) (by Fig.  2b 

S ( a )  goes to zero near a = t 25’ ). - 
(c) J( 8’) approaches zero continuously (vanishing first 

derivative) at B ’ =  8’ . m 

(2) The assumed conditions (1 above) yielded a 4th degree 

polynomial in 8’ containing two undetermined constants 

only. 

The J(8’)  of Eq. (2) was represented by a step function 

(of small step-width A@’ and Jis’j  constant, ~i , witliiii 

each A 0’ 

(3) 

) yielding the integral Eq. (1) in the form: 

where 

S ( a )  = exp ( - Y  a’ - y a ‘ )  , 
1 a 

and y , y 

sponse function measurement. 

are shape parameters obtained from the re- 
a I 

1 3  



(4) The integrals in Eq. (3) ,  

were  evaluated numerically using 5 -degree intervals for  

both 8' and 8 , and the indices i and j represent step 

values of 0' and B , respectively. 

(5) The a ' s  of Eq. (2) were determined by a least squares k 
solution of Eq. (3) in the form: 

i- i 
where Ji was represented by 

1 

,k 4 

k= o 

following Eq. (2). 

fmm(2) and was plotted a s  in Fig. 2c. 

With the a 's evaluated, J(8') followed k 

( 6 )  The process is then "reversed" for checking purposes; 

the calculated Jils and the S. . ' s  of (5) are employed to 
13 

calculate count rates which a r e  then compared with those 

originally observed. These count-rates agree well within 

the known experimental e r ro r s .  

14 



4. PRESENTATION OF DATA 

The analyses of Section 2 yield a directional particle flux density 

distribution curve J(8') vs. 8' (Fig. 2c) for  each small neighborhood 

of space for which the directional count rate was measured. The basis 

for the presentation of the data (Figs. 4 through 9 )  a r e  three well-known 

invariant quantities for the motion of geomagnetically trapped charged 

particles, a s  follows: 

(1) The magnetic moment of the charged particle in its 

helical motion about a magnetic flux density line is con- 

stant to the extent that i ts  cyclotron period is negligible 

compared to its "bounce" period (the time between suc- 

cessive reflections at the same mir ror  point) and the 

geomagnetic flux density variations a re  negligible 

throughout a cyclotron orbit. This adiabatic invariant 

relates the pitch angle (between particle momentum vec- 

tor and geomagnetic flux density, 

Fig. 2a) of the charged particle at a spatial location 

90 - e', as shown by 

where the magnetic flux density is to the Bsatellite 
magnetic flux density B at the mir ror  point (corre-  

sponding to a 90-degree pitch angle), 
M 

c o 8  e*  . sat ellit e/ BM = B 

(2) The complex motion of a charged particle in the geomag- 

netic field ( a longitudinal helical motion combined with 

transverse drift due to the gradient and curvature of the 

geomagnetic field) is governed by tb dynamical principle 

15 



stating that the action integral along a geomagnetic line 

is 'a constant. That is, 

mv dl = S, a constant; (7) 

, v,, is its speed where m is the charged particle mass-  

tangent to the magnetic flux density B; and dl is an 

element of path along B . The use of the first invariant, 

Eq. (6), yields (7) in the form: 

4 11 

-b 

+ 

where p is the scalar momentum of the trapped charged 

particle. It is seen that I , the longitudinal invariant, 

has the dimension of length and is usually expressed in 

kilometers . 
(3) The charged particle directional flux density in a static 

magnetic field is constant if  measured always in the 

direction of the trajectory of a particular particle. This 

third invariant quantity is a consequence of Louiville 's 

theorem. 

These three invariants express the basic fact that the spatial 

variation of the trapped charged particle flux density is described funda- 

mentally by constants of the motion of the particles in their trajectories 

ra ther  than by geographic coordinates of altitude, latitude and longitude. 

The dynamical invariants have been discussed by several authors in- 

cluding Fe rmi  and Rossi [1933], Lemaitre and Yallarta [1933] and 

Swann [1933) and more recently also by Northrop and Teller [ 19601 

16 



and E. C. Ray [1959]. 

5. CONCLUSION 

The essential purpose of the present paper is to present the di- 

rectional flux densities of geomagnetically trapped charged particles as 

derived from Explorer IV data records in terms of both geographic co- 

ordinates and the invariants of the trapped particle motion a s  has been 

done in several equivalent ways in the ser ies  of figures in Section 4. In 

addition, the following comments may be made. 

The pitch angles (angle between particle velocity vector and 

B-vector) of the trapped particles varies between a cutoff value of ap- 

proximately 35" - 40' and 90" a s  is observed in Fig.  2c. 

Some irdication of the time constancy of the trapped particle ra- 

diation (probably electrons of around 700 kev energy) in the inner belt 

is gi~ren by the data and analysis (Fig. 2c) of passes 453 and 479 which 

occurred in nearly the same region of space (Fig.  3) with a time dif- 

ference of nearly 2 days. It is noted (1) the maxima of the observed 

count rates a r e  nearly identical, (2)  the background count rates (for 8 

values greater than about 55") a r e  nearly identical indicating time con- 

stancy of the penetrating radiation, ( 3 )  the width of half-maximum of 

the count rate curves increased about 22 percent from pass 453 to pass 

479. 

14". 

determination may be in e r ro r  by t loo,  i t  can be stated that the count 

ra te  vs. 8 curves for the two passes a r e  identical within experimental 

limits. Hence, the inner zone particle entrapment appears to be stable 

for  the time period noted. 

This width change corresponds to an angular width change of about 

Since i t  is estimated that the counter axis orientation ( 8  , Fig. 2a) 

- 

17 



The results of the present analysis can be compared with the 

neutron albedo theory calculations of Lenchek, Singer, et a1 [1961]. 

If the flux densities of Fig. 2c a r e  for  trapped electrons of about 700 

kev in energy, as assumed in Section 2 above, the differential omni- 

directional electron flux density obtained by estimating the a rea  under 

the J(0’) curves of Fig. 2c is around 5 x 10 /cm -sec-kev. 

theory value [Lenchek et al, 1961; F ig .  131 is about 4 / c d  -sec-kev at 

700 kev. Considering that the observed 500/cm* -sec-kev i s  for an un- 

certain energy interval above 700 kev, it appears that the observed 

particle flux density may be about an order of magnitude greater than 

theory predicts at 700 kev. 

served differential omnidirectional electron flux density at 700 kev is 

about a factor of 2 larger than the observation of Walt, et a1 [19601 at 

somewhat lower electron energies. 

e 8  The albedo 

It is interesting to note also that our o b  

ACKNOWLEDGMENTS 

The authors wish to acknowledge the support of the Defense 

Atomic Support Agency (DASA) in this work. 

J. A. Van Allen and his colleagues and the calibration work of E. 0. 

Baicy and his group were indispensable. 

also to Captain J. A. Welch, Jr. and his group at  the Air Force Special 

Weapons Center, Kirtland Air Force Base, New Mexico, for the calcu- 

lations of the integral invariant and the locations of the geomagnetic 

field lines. 

leagues at  Marshall Space Slight Center, especially S. A. Fields, 

J. Kassner, F. Rodrigue, and R. D. Shelton. 

The cooperation of 

We a r e  indebted considerably 

We acknowledge the help and interest of many of our col- 

18 



1.3 - 2.1 for different 
points in space 

7. Naugle and Kniffen (1961): 
directional and omnidirec- 
tional proton flux measured 
at different altitudes and la- 
titudes but essentially same 
longitude. For 1600 km al- 
titude. 21.5" Lat. 235.4.H 
long. B = 0.209 gauss: 

steepness of observed spectrum 
may be due to (1) failure of adi- 
abatic invariance of proton mag- 
netic moment (Singer), o r  to ( 2 )  
aolar protona trapped in geomag- 
netic field or  to protons produced 
by albedo neutrons resultingfrom 
nuclear reactions of solar pro- 

3. Wentworth & Singer (1959) low energy (about 20 kev) solar 
protons a r e  lost by charge ex- 
change with neutral hydrogen, a s  
far out a s  10 earth radii 

, I 

TABLE 1 

SUMMARY OF RECENT INVESTIGATION OF CHARGED PARTICLES 

IN THE EARTH'S MAGNETIC FIELD 

(aa of March 1. 1962) 
A. PROTONS 

I 
Flux-Energy Spectrum Theoretical 
Referencam (mechanism for proton flux- +=- &tmn ener calculation, albedo source or plus others) 

1. Hems 0 9 5 9 ) :  
loas by ionization only 

protons/Mev crE -1.30 
P P  

cm2-sec;Ep, energy in Mev 

Proton Energy, 
Location, etc. 

1. Energe$ic (10-103 Me, 
component of Inner VI 
Allen Belt (Fig. 1) 

Lifetime of sapped Protons 
7p ; other time constant 

Tp = 2.1 x MT1'24 sec, 

(7 "lo9 mec for 100 Mev 
a! 100 km altitude) 

Experimental 

deficiency of high energy 
(>ZOO MeV) protona 

2. Singer (1959): 
Lenchek & Singer (1960) 

neutron albedo source plus pro- 
ton loss by ionization and break- 
down of invariance of magnetic 
moment of higher energy protons 

~- ~~ 

Hems (1959) states Singer-Lenchek 
theory disagrees with his measured 
spectrum 

3. Alfvbn.(19.59): 
0pGp-2*6,  p i s  mo- 

mentum 

. cosmic-ray mpectrum modified 
by charged particle injection at 
a point with "magnetic pumping" 

data of Freden and White (1960) 
in agreement 

4. Freden and. WWqLl9bQL., 
O p  = 1.55 x 102E -Oe7' 

P 
Ep  < 80Mev 

erp(-Ep/l 701, 

E,, > 80 MeV; 

(p. protons/Mev-cm2-sec; 
in range 10-700 MeV; al- 
titude. 1100 km) 

= 4.55 10-17f(~,) 

neutron albedo source plua pro- 
ton loas  by ionization and nuclear 
collision loss (latter important 
for E 7 8 0  Mev) 

P 

(1) good a g r e m e n t  with their 
own data in range 60-700 Mev 

(2)  solar protonm have little or  
no effect in range of observation; 
also, no other nun-source par- 
ticles (alphas, etc. ) were ob- 
served 

rP = 3.5 lo5 E l -  31 
P 

(TP vs Ep plotted, Fig. 3) 

5 ,  .Armatrong, etal  (1961): 

0 &E -1*8protons/Mev. 
cm p 2  -mc in observation 
range 42 - 570 Mev 

(1) qualitative agreement with 
F - W  (1960) 
(2) total flux about 1 /3  of F - W  
(1960) possibly due to altitude 
effect 
(3) above 100 MeV, data con- 
sistent with neutron albedo 
theory 
(4) below 100 MeV, some 
evidence for solar protons 

6. Holly and-Allen (1961): I proton flux-energy curve 
plotted for 15ON latitude, 
980 km altitude (Fig. 4) I 0 a E  -n; n =  1.2 - 2.7, 

P P  

(1) proton spectrum (below 
40 MeV) is  much steeper than 
cosmic-ray spectrum 
( 2 )  both shape of spectrum 
and proton flux change with 
Latitude at same altitude and 
Longitude 

tons in the atmosphere over the 
polar caps 

(40 < _ E  < 100 Mev). 

AnJ(E, 3 31)- 2400 p/cmZ-seF 
P-  

8. Hoffman, Arnoldy & Winck. 
l e r  (1962): 
a t  the maximum inner belt 
intensity (29.2.mag. lat.,  
8660 km geocentric range) 

m P  = 1 . 1 4 ~  1 0 4 ~  

11) proton radiation softens 
with increasing geocentric 
range and latitude ( 2 )  data 
1s not in disagreement with 
with other observations 
INaugle & Kniffen, 1961; 
F-W, 1960; Armstrong, et 
11. 1961) or  with neutron 
ilbedo mechanism 

2 
protons/Mev-cm -sec, 

E >30 Mcv 
P 

I 

9. Freden and White (1962) neasured proton flux and 
?nergy spectrum (1000-1185 
rm altitude) (1) is  in good 
igreement with previous 
neasurements (1000-1230 
rm altitude), (2) agrees well 
with previous (neutron al- 
iedo) theory for 30-300 Mev, 
3) above 300 MeV observed 
luxes a r e  less than theory 
lue to loss mechanisms and 
nexact theory 

_ _  __.- . -  

. Inoue (1960) protons a r e  low energy (compared 
to electrons) due to large energy 
transfer for high energy protons 
to electrons, small energv trans- 
fe r  for high energy electrons 
to protons 

1 
2. Outer Van Allen Belt 

!. Welch, e t  a1 (1959) 
Dragt, et a1 (1961) 
I 

hydromagnetic waves of resonant 
frequency affect proton magnetic 
moment if Ep i s  greater than 
energy corresponding to the res -  
Cnan-ce condition: 

for waves of about 1 gamma 
amplitude; 1 cps frequency; 
B. 0.04 gauss; Ep, 100 MeV; 
altitude, 2 RE: proton lifetime 
i s  about 1 day 

( 1) outer edge of Inner VA belt 
proton flux a s  function of position 
agrees well with neutron albedo 
theory 
( 2 )  accounts for absence of protons 
in Outer VA belt 
(3) confirms original suggestion 
of Welch et a1 (1959) 

yclotron h h m  = 2nRC 

I. D. C. Wentzel (1962) lifetime of protons above proton 
belt i s  larger than a fraction 
of a day 

hydromagnetic waves above proton 
belt systematically raise mirror  
points of proton orbits above the 
belt, especially i f  mirror  points 
a r e  near the atmosphere 

1 



B. ELECTRONS 

Lifetime of Trapped Electronq 
Electrons; Othet Time Constant 

Theoretical 
(mechanism for electron flux- 

ElectronEnergy, 
Location, etc. 

1. Component of both 
belts 

FluxEnergy Spectrum 
References 

energy c8lcuktio11, o r  others) 
~~ ~~ ~ 

1. Dessler & Karplus (1960): slow neutron albedo source with 
energy degradation due to electron- 
electron collisions (W. N. Hems & 
J.  Poker)  for both belts 

(1) considers Explorer N and V &t. 
inconsistent with solar source of elec- 
trons in either belt because of minimum 
near 12.8 x 103 km above earth's s w -  
face (see (2) below) 

of electron belt minimum-anomaly iorer 
mirror  altitude of trapped porticles by 
about 103 lcrn so emphasizing atmos-i 
absorption 

(2) consider s Cape- 8DDIIdy 8. C8U.l 

@ e ~ E e - 5  electrons/cm2-sec 

2. Inoua (1960) Outer VA belt is a plasma: 
electron temperature, 2.4 x 10' 
k (32 Lev); electron density, 
3.5 1o2/cm3 

injection of charged p r t i c l e s  a t  
43,x 103 km (outdde outer  belt) 
t diffusion + acceleration by 
small magnetic field fluctuations 

* 

3. Herlofson (1960) using diffusion coefficient -2:' ,* 
diffusion time for recond m8xlanum of 
outer belt and% (100 times longer) 
diffusion time for the f i rs t  mrrdmmn of 
outer belt yields agreement with ex- 
periment rn a. 

2. Inner VA Belt 4. Walt (1960) 
~~ 

inner VA belt (1045 km, Wallops Island): 
electron flux (above 1 mev) t proton flux 
(above 1 mev) is less  thn 0.01 of elec- 
tron flux 0.03-1 Mev 

electron spectrum a t  1045 k m  
not inconsistent with 750 kev 
cutoff (neutron albedo) but is 
softer and has high energy tail 
(Holly and Allen, 1961) 

degraded neutron albedo spectrum 
(altitude, 980-1100 km; latitude, 
15"); in rTgg 0-460 kev, softer 
than neutron B -decay spectrum 
(perhaps hm-wzve loss, Parker, 
1961) 

calculate trapped electron flux 
density from neutron albedo souce  
and loss  by small-angle coulomb 
Scattering only a t  11 00 km on 
magnetic line extending to 1.5 
earth radii 

5. Holly and Allen (1961) (1) detector A counts (90% or  more) 
electrons: detectors C , D count proton1 
(2) bremsstrahlung correction, less  that: 
5% 
( 3) count rate intensity analysis is 
carried out 

~ 

6. Lenchek, Singer & 
Wentworth (1961) 

conclude, by comparison of theory andat 
servations (Walt, et a1, 1960; Cladis.eta 
1961; Holly, 1960) albedo source is qura 
titatively valid for .electron energies I 

>400 kev 

7. hoffman, Arnoldy & 
Winckler (1962): a t  the 
maximum inner belt 
intensity (-28.4'rn.g. k t . )  

cieN 2.x lo9 electrons/cm2-sec 

200 6 E, Q 500 kev; 

N lo7 electrons/cm -sec 2 

E, > 500 kev 

8 ,  Vernov, Chudakov, Vakulov, 
h Logachev (1959): 

3. Outer VA Belt 

-6 
GeaEe 

, Ee > 50 kev 

( m e  , electrons/kev- 

cm2-sec-sr) 

electrons accelerated to observed 
energies in geomagnetic field 

9. Van Allen (1959) Arnoldy, 
Hoffman, h Winckler (1960). 
Helliwell & Bell (1960) 

10. Parker  (1961) Lm wave of lo-' gauss ampli- 
ude. 1 cps, causes 
:lectrons to diffuae along mag- 
ietic lines with a characteristic 
ifetime of 4 months 

outer VA belt electron loss by hm 
waves passing through a mirror  
point causing diffusion of charged 
particles; localized h m  disturbance 
can result in limited particle accel- 
eration but disturbances throughout 
geomagnetic field cause a net parti- 
cle energy loss 

neutron beta-decay source of belt 1 
electrons requires low-altitude i 
electron ejection 1 

i 
I 

electrons no longer tenable con- 
siders origin of electrons 
:a) albedo neutron decay, and 
:b) local acceleration in geo- 
magnetic field; suggests 
measurement of x-ray pro.- 
duction near Capetown anomaly 
to evaluate (a) 
irreversible mechanism for modu- ' reversible betapron acceleration 

11. Heas. Canfield. k 
Ligenfelder (1961) 

12. Cladis k Deeeler (1961) im constant for renewal of 
!lectrons following magnetic 
lumping: (1) one day for local 
sceleration mechanism; 
2) 10-9 -1010 sec for neutron 
lecay source 

13. Rosen 8 Farley (1961) 
lation of radiation count rates is  
required, in part 

cannot account for 
observations 

of Explorer VI 

~ 

14. Dessler k Karplus (1961) eversible. magnetic -storm -induce< 
hanges quantitatively account for 

count rate variations 

eutron beta-decay plus other 
rocesses a r e  required to explain 
xplorer VI electron flux distri- 
utions along a geomagnetic line 
f force 

'lux-energy spectrum i s  best fit to 
avelin sounding rocket data-has 
,lope of only near Ee=350 kev 

15. Cladis, Chase, Imhof, 
h Knecht (1961): 

peal. 6 exp (-0.022 E ) .- 

electrons/kev-cm'-sec -sr 

16. Hess, Killeen, et a1 (1961) ieutron beta-decay electrons (1) con- 
ribute significantly for energies >50 kev, 
.nd (2) more electrons a r e  observed 
Fan, et al, 1961) at low latitudes 
han predicted 

I) spatial distribution of heta- 
ecay electrons only is  calculated 
5th loss mechanisms (a) multiple 
mall -angle Coulomb scattering 
noportional to E ~ - '  , approx- 
nately) resulting in velocity of 
,wering -mirror points (Welch, 
t a l ,  1959; Christofilos, 19591, 
nportant below 2000 km. and (b) 
lowing down by near collisions 
i th  thermal electrons (propor- 
onal to ~ ~ - 0 . 8  , approximately), 
nportant above 2000 km 
!) calculated flux along a magnetic 
nekithin 30' of the equator) i s  
bout 6 x lo6 electrons/cm2-sec 

for ARGUS 1 mev electrons, 
Pable 1. p. 917; example: 
10.2 days at 1200 km altitude 

17. Welch h Whitaker (1959) 
Christofilos (1959) 

- 

4. ARCUS electrons in 
slot 



l o  

21 





23 



I 8 
8 

24 



d Y 

H 

25 



.oi 
b 

h 
(v 

5 T 8  
B 0 

0 
f 

i23 a 

m 
- f OD 

rn 7 I 
1 

I 
I Is? 

y! 8 f- 
9 c! 
m 0 

26 



IO' 

IO5 

I 04 

B (gauss) 

27 



I I I I I I I I I (u 
(u 

-? - 

. 

28 
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Fig. 9 Three -dimensional construction illustrating the 
relationship among the more significant parameters 
used in the present analysis: I, B and minimum 
altitude (lowest mir ror  altitude of a trapped particle 
during its total motion in the geomagnetic field). The 
curves shown are drawn from the data of Fig. 5. 
symbols used for the plotted points have the same 
meaning as in Figs. 4 and 7. 

The 
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. 

Fig. 8 Iso-I, iso-B grid constructed upon an altitude 
vs colatitude (90'- latitude in degrees) plot. 
This construction is convenient for relating 
the dynamical invariants I and B with the geo- 
graphic coordinates of altitude, latitude, and 
longitude (constant). 
of space around the pass 453 trajectory. 

The plot is for the region 

30 
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